Activation of endothelial nitric oxide synthase (eNOS) results in the production of nitric oxide (NO) that mediates the vasorelaxing properties of endothelial cells. The goal of this project was to address the possibility that 5-hydroxytryptamine (5-HT) stimulates eNOS activity in bovine aortic endothelial cell (BAEC) cultures. Here, we tested the hypothesis that 5-HT receptors mediate eNOS activation by measuring agonist-stimulated [3H]L-citrulline ([3H]L-Cit) formation in BAEC cultures. We found that 5-HT stimulated the conversion of [3H]L-arginine ([3H]L-Arg) to [3H]L-Cit, indicating eNOS activation. The high affinity 5-HT1, receptor agonist, 5-nonyloxytryptarnine (5-NOT)-stimulated [3H]L-Cit turnover responses were concentration-(0.01 nM to 100 pM) and time-dependent. Maximal responses were observed within 10 min following agonist exposures. These responses were effectively blocked by the 5-HT,, receptor antagonist, isamoltane, the 5-HTlB/5-HT, receptor antagonist, methiothepin, and the eNOS selective antagonists (0.01-1 0 pM): L-Nw-monomethyll-arginine (L-NMMA) and L-N"-iminoethyl-L-ornithine (L-NIO). Pretreatment of BAEC cultures with pertussis toxin (PTX; 1-100 ng/ml) for 16 hr resulted in significant inhibition of the agoniststimulated eNOS activity, indicating the involvement of G, proteins. These findings lend evidence of a 5-HT,, receptor/eNOS pathway, accounting in part for the activation of eNOS by 5-HT. Further investigation is needed to determine the role of other vascular 5-HT receptors in the stimulation of eNOS activity. [P.S.E.B.M. 1999, Vol 2211 everal vasoactive substances elicit the release of nitric oxide (NO) from endothelium following activation of S the calciudcalmodulin-dependent enzyme endothelial nitric oxide synthase (eNOS) (1), which has been cloned in both cultured and native bovine aortic endothelial cell (BAEC) cultures (2). The diffusion of NO into vascular smooth muscle cells (VSMCs) results in activation of soluble guanylyl cyclase (solGC) and subsequent vasorelaxation (1). 5-Hydroxytryptamine (5-HT) stimulates endothe-This project was supported by grants: NSF/RIMI 9550699 and NIH T32 HL077809. ' To whom requests for reprints should be addressed at University of Michigan Medical School. D e p m e n t of Pathology. MSRB I Room 7520, Ann Arbor. MI 48109.
lium-dependent relaxation (EDR) of blood vessels by promoting the release of NO (3,4). The 5-HT-induced EDR of blood vessels was first demonstrated in histaminecontracted rings of sheep pulmonary vein (5) and characterized in porcine coronary arteries (6). Using molecular cloning techniques, Ullmer et al. (4) elucidated the expression of mRNAs for the G-protein-coupled 5-HTIB, 5-HTZB, and 5-HT4 receptors in human endothelial cells. However, the underlying mechanisms responsible for 5-HT-evoked eNOS activation have not been fully defined. Inhibition of agonist-stimulated EDR responses by the eNOS selective inhibitor, Nu-monomethyl-L-arginine (L-NMMA) suggests that 5-HTl and 5-HT2 receptors mediate eNOS activation (3. 7). However, the blockade of eNOS activation by enzyme-selective antagonists provides indirect evidence that 5-HT receptor-mediated eNOS activation results in the release of NO. The elucidation of the underlying mechanisms responsible for 5-HT-induced EDR responses has been complicated by the similar pharmacology of 5-HT,, (formerly named 5-HT,,J and 5-HT2, receptors (4, 8, 9). 5-HT-induced EDR responses are resistant to ketanserin (5-HT, receptor antagonist) pretreatment but are attenuated by methiothepin (5-HT1,/5-HT, receptor antagonist) pretreatment (10). 5-HT2, receptors stimulate the release of calcium from the endoplasmic reticulum (I l). Although the activation of eNOS requires calcium (= 75 pA4) (11, 12), a link between 5-HT,, receptor-mediated intracellular calcium (Ca2+,) signaling and eNOS activity has not been reported. The 5-HT,, receptor subtype inhibits adenylate cyclase (AC) activity (4). Several reports lend evidence of 5-HT, receptor agonist-stimulated EDR of isolated blood vessels in vitro (10, 13, 14) and in vivu (15) . 5-HT receptormediated EDR is blocked by pertussis toxin (PTX) pretreatment, implying receptor-effector coupling through G, proteins (16) . Therefore, it may be concluded that the putative Gi-coupled 5-HT,, receptor stimulates EDR (14) . High affinity 5-HT receptor-selective ligands (17, 18) may be employed to assess the participation of putative 5-HT receptors in the activation of eNOS, accounting for the biological relevance of NO and the Gi-coupled 5-HT,, receptor second messenger system.
In the present study, we examined the role of endothelid 5-HT receptors in the activation of eNOS in BAEC cultures. Specifically, we tested whether 5-HT evokes eNOS activation in BAEC cultures by measuring agoniststimulated ["HIL-citrulline (['HIL-Cit) formation by radioimmunoassay. Our data clearly indicate that 5-HT and the 5-HT1, receptor agonist, 5-NOT stimulate the conversion of ['HIL-Cit from ['HIL-arginine (['HIL-Arg).
Materials and Methods
Materials. Dulbecco's Modified Eagle's Medium (DMEM), 5-HT, and pertussis toxin were purchased from Sigma (St. Louis, MO). Cell culture reagents were obtained from Life Technologies (Grand Island, NY).
[3H]L-arginine (53.0 Ci/mmol; 1 Ci/pl = 37 GBq) was purchased from Amersham (Arlington Heights, IL). BCA protein assay kits were purchased from Pierce (Rockford, IL). L-NIO, L-NMMA, and calmodulin were obtained from Calbiochern (La Jolla, CA). Isamoltane, methiothepin, and 5-NOT were purchased from Tocris-Cookson (Ballwin, MO).
Cell Culture. Bovine aortic endothelial cells (BAEC) were purchased from Clonetics (San Diego, CA) and cultured according to the supplier's reference protocol. Throughout the duration of study, we used cell cultures from the 6th-15th passages during which the investigative parameters were maintained as described previously by Inoue et al. (I 9) . The cells for all protocols were deprived of serum for 16 hr to achieve quiescence.
eNOS Assay. Measurement of eNOS activity was achieved by using an adaptation of the protocol described previously by Bredt and Snyder (20) . For routine assays, BAEC grown on 6-well plates (3 x lo4 cells/well) were washed once with PBS containing 1 mM EDTA and subsequently stimulated with selected ligands in a mixture (final volume of 0.8 ml) containing ['HIL-Arg (1 pCi), 1 mM CaCl,, 0.1 pA4 calmodulin, 1 mM DTT, 50 mM Tris-HC1 (pH 7.4), 100 IJ.M BH,, and 10 mM NADPH prepared in 10 mM Tris-HC1 (pH 7.4) for specified durations at 37°C. Control reactions were chemically inhibited by the addition of 500 pM L-NIO. Reactions were terminated by rapid aspiration of reaction buffer and the addition of 800 11.1 of stop buffer consisting of 50 mM HEPES (pH 5 3 , 5 mM EDTA, and Dowex 50WX8400 resin (Na+ form). For collection of samples, tissue culture cells were scraped with a rubber policeman and then pipetted into separate microcentrifuge tubes, while on ice. The samples were then transferred to microfuge cups and microcentrifuged at full speed for 30 sec at 4°C. The spin cups were removed from the cup holders. Eluates were transferred to scintillation vials. Following the addition of scintillation cocktail, radioactivity was quantitated in a liquid scintillation counter. To determine the ratio of unreacted ['HIL-Arg to ['HIL-Cit, the spin cups were placed in fresh microcentrifuge tubes. Elution buffer consisting of 0.5 M NH,Cl was added to each sample tube and subsequently microcentrifuged at full speed for 30 sec at 4°C. The eluates were transferred to scintillation vials, and radioactivity was quantitated as described above. To verify [3H]L-Cit formation, ['HIL-Arg and relevant metabolites were separated using silica-gel chromatography plates developed with the solvent system consisting of methano1:ammonium hydroxide (6:l). In this solvent system, [3H]L-Arg migrated at an R, (the ratio of the distance traveled by a compound to the distance traveled by its solvent) of = 0.1 whereas ['HIL-Cit migrated at an Rf of = 0.5.
Protein concentrations were quantitated using Pierce's BCA protein assay kit. Statistical Analysis. eNOS assays were performed on triplicate samples. We found these concentration-and time-response courses to be highly reproducible. The pooled data were used for statistical analysis by Student's t test with Jandel program for Windows; P-values < 0.0001.
Results

Concentration-and Time-Dependent Effects of 5-HT Agonists on eNOS Activity.
In our preliminary efforts to assess the role of endothelial5-HT receptors in the activation of eNOS, BAEC cultures were stimulated with 5-HT or the 5-HT,, receptor agonist 5-NOT. Concentration-dependent increases in eNOS activity were observed from 0.001-100 pA4 5-HT (Fig. 1A) . Stimulation of eNOS activity by 1 pM 5-HT occurred within 5 min of treatment and was maximal by 10 min after 5-HT exposure (Fig. 1B) . The eNOS activity achieved with 5-NOT was concentration-and time-dependent. The activity observed following 5-NOT exposure is qualitatively similar to that achieved with 5-HT. Furthermore Figure 1 . Stimulation of eNOS activity by 5-HT and 5-NOT: BAEC cultures were incubated with the indicated concentrations of 5-HT or 5-NOT for 10 min (Fig. 1A) . eNOS activity was measured as described under "Materials and Methods" and expressed as pmollmg protein, where basal enzyme activity was defined in unstimulated cells as 0. BAEC cultures were incubated with 1 pM of 5-HT or 5-NOT for the indicated times ( Fig. 1 B) . Values shown represent the mean * SE of three separate experiments performed in triplicate. stimulated eNOS activity (Fig. 2) was effectively blocked by the 5-HT,, receptor-selective antagonist, isamoltane (10 pM) and the 5-HT,,/5-HT2 receptor antagonist, methio- thepin (10 pM). The decrease in eNOS activity, due to isamoltane and methiothepin, indicates that the 5-NOTstimulated activation of eNOS was mediated by specific 5-HT,, receptors.
Inhibition of 5-HT Receptor-Mediated eNOS Activity by L-NMMA and L-NIO.
To examine the sensitivity of 5-HT-stimulated eNOS activity to eNOS-directed antagonists, BAEC cultures were preincubated (30 min) with eNOS selective inhibitors (0.01-10 CLM) GNMMA (Fig.  3A) and L-NIO (Fig. 3B) . The 5-HT-and 5-NOTstimulated activity was inhibited following L-NMMA and L-NIO pretreatment.
Blockade of 5-HT Receptor-Mediated eNOS Activity by Pertussis Toxin. As shown in Figure 4 , subconfluent quiescent BAEC cultures were pretreated for 16 hr with pertussis toxin (FTX; 1-100 ng/ml) and stimulated with 5-HT and 5-NOT. The PTX pretreatment abolished eNOS activity following agonist exposure. These data suggest that 5-HT transmits its signals through PTX-sensitive 5-HT,, receptors, leading to the activation of eNOS. 
Discussion
The signaling mechanism leading to the activation of eNOS and subsequent release of NO by endothelial 5-HT receptors has not been clearly defined. The release of NO and the EDR response mediated by 5-HT receptors may occur through different pathways involving G,-proteindependent and independent mechanisms (3-7). Signal transduction through the 5-HTIA receptor in minced rat ventral prostatic tissue appears to be negatively coupled to AC activity and positively coupled to nitric oxide synthase (21) . At present, there are no data that suggest the presence of 5-HT,, receptors in endothelial cells (4). The serotonergic receptors expressed in endothelial cells include: the 5-HT, , , 5-HTZB, and 5-HT4 receptor subtypes (4). The 5-HT4 receptor has not been implicated in the activation of eNOS by 5-HT; however, the positive coupling of these receptors to AC (9) renders it capable of counteracting the effects of 5-HT,, receptors that interact positively with AC in endothelium (4). As reviewed by Martin (9), several reports suggest that vascular 5-HT,, receptors function to mediate activation of phospholipase C (PLC) via G, proteins. Current literature suggests that 5-HT2, receptors may play a role in the activation of eNOS (4), yet there are no reports to date that state evidence justifying such function of 5-HT,, receptors. While 5-HT1, and 5-HT,, receptors share a similar pharmacology (8), the 5-HT,, receptor agonist, 1 -(2,5dimethoxy-4-iodopheny)-2-aminopropane (DOl) stimulates Ca2+, release from ryanodine-sensitive stores in endothelial cells, a function that occurs independent of 5-HT1, receptors (11). The ability of DO1 to elicit changes in Ca2+i transients independent of 5-HT1, receptor activation in endothelial cells, further suggests two different signal transduction pathways for the two receptors and perhaps different roles as they relate to 5-HT-stimulated vascular function(s). Furthermore, the distinct transducer pathway for the 5-HT,, receptors in endothelium has not been identified (9). The characterization of [3H]L-Cit formation responses evoked by 5-HT receptors in BAEC cultures, suggests a stimulatory role of 5-HT1, receptors (22) .
In the present study, control experiments using 5-HT and the 5-HT,, receptor selective agonist, 5-NOT demonstrated concentration-and time-dependent agonist-evoked changes in eNOS activity (Fig. 1) . Maximum activity was reached at 10 min following agonist exposure. The 5-HT,, receptor antagonist, isamoltane, and the 5-HT1,/5-HT, receptor antagonist, methiothepin, effectively blocked eNOS activity evoked by 5-NOT (Fig. 2) . Gupta (10) reported that the 5-HT-induced EDR response is not inhibited by the potent 5-HT2, receptor antagonist, ketanserin. but is attenuated by the 5-HT2 receptor inhibitor, methiothepin, which is also active as a potent 5-HT1, antagonist. Although it was not the objective of our study to establish a pharmacological link between 5-HT,, and 5-HT,, receptors, the observed inhibition of agonist-stimulated activation of eNOS by methiothepin is in good agreement with a wellaccepted observation that the two receptors share a similar pharmacology. As mentioned before, 5-HT-induced EDR responses are resistant to ketanserin (5-HT, antagonist:) pretreatment but are effectively inhibited by methiothepin (5-mlB/5-HT, antagonist) pretreatment (I 0), implicating 5-HT , , but not 5-HT2, receptors in this process. Furthermore, 5-HTstimulated EDR responses are attenuated by inhibitors of NOS (i.e., L-NMMA) (7, 15). We found that the eNOS selective inhibitors (L-NMMA and L-NIO) suppressed both the 5-HT-and 5-NOT-stimulated eNOS activity (Fig. 3) .
These findings lend evidence of a link between endothelial
5-HT1, receptors and eNOS activity in our BAEC cultures
Several endothelial agonists stimulate eNOS activity that may be ablated by the G, protein inhibitor, F' TX (14, 16) . In addition, we demonstrated that PTX pretreatment abolishes eNOS activation following 5-HT and 5-NOT exposure ( Fig. 4) . This suggests that the endothelial 5-HT,, receptors mediate eNOS activity via a G, protein coupling mechanism.
The current studies demonstrate for the fist time that the activation of eNOS is stimulated by PTX-sensitive 5-HT1, receptors in BAEC cultures. In conclusion, these data suggest that 5-HT and 5-HT1, agonists can evoke eNOS activation and the subsequent release of NO from endothelial cells, accounting in part for the EDR of blood vessels.
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